The role of AIF redox activity in mitochondrial respiration and redox metabolism was unknown. Results: AIF has rotenone-sensitive NADH:ubiquinone oxidoreductase activity when reconstituted with bacterial or mitochondrial membranes. Conclusion: AIF is a previously unidentified mammalian NDH-2-type enzyme that could contribute to NADH oxidation in cells. Significance: The catalytic function of AIF as an NADH:UQ oxidoreductase was uncovered.
to form tumors (6) . Only AIF with intact NADH oxidase activity restored complex I activity and maintained the transformed state of colon cancer via mechanisms that involve complex I function (6) .
Therefore, it has been suggested that AIF plays a vital role in mitochondrial respiration and redox metabolism (8, 9) . However, the mechanism of how AIF functions to maintain the normal level of complex I activity and its protein expression has remained entirely unknown. AIF does not appear to be associated with complex I, and it does not affect transcription of complex I subunits (8, 10) . To date, most studies, including blue native-PAGE analysis, have failed to pinpoint the exact role of AIF in mitochondrial respiration and redox metabolism in relation to complex I functions (10) . Additionally, the physiological electron acceptor for AIF remains unidentified.
Meanwhile, it has been noted that AIF and its family member AMID (AIF-homologous mitochondrion-associated inducer of death) are similar to respiratory NADH:ubiquinone (UQ) oxidoreductases type 2 (NDH-2) ( Fig. 1A) (11) . We confirmed that relatively high sequence similarities exist between human AIF/ AMID and the yeast NDH-2 enzyme Ndi1 (designated as internal NADH dehydrogenase), at 17.2 and 32%, respectively. In addition, we found that structural similarity between AIF and Ndi1 was 23.4% using RCSB PDB Protein Comparison Tool. Ndi1 is an essential enzyme in the mitochondria of Saccharomyces cerevisiae, an organism with the rare quality of lacking complex I.
NDH-2 enzymes are widely present in archaea, bacteria, and eukaryotic organisms from the fungal and plant kingdoms (11) . NDH-2 catalyzes the same reaction as complex I, but it does not translocate protons (11) . There are two types of NDH-2 enzymes. Ndi (designated internal NADH dehydrogenase) faces the matrix like complex I, whereas the other Nde (designated external NADH dehydrogenase) faces the intermembrane space. Impaired NADH oxidation in cells leads to high NADH/NAD ϩ ratio, increased production of reactive oxygen species (ROS), and eventually cell death. Maintenance of proper NADH/NAD ϩ ratio is so central to cellular energy metabolism. Upon sudden environmental changes, both internal and external NDH-2 enzymes, which have much higher turnover numbers of NADH:UQ oxidase activity than complex I, play a significant role in quickly restoring the altered NADH/ NAD ϩ balance. Interestingly, however, NDH-2 has not previously been identified in mammalian mitochondria.
Therefore, we hypothesized that human AIF and/or AMID might function as NDH-2 in mammalian mitochondria. In this study, we investigated the redox properties of human AIF and/or AMID as NADH:UQ oxidoreductases in comparison with yeast Ndi1. We found that both human AIF and AMID display NADH:UQ oxidoreductase activities when they are reconstituted with the bacterial or mitochondrial membranes, and they are capable of establishing the NADH-linked respiratory activity in bovine submitochondrial particles (SMP) as well as in Escherichia coli membranes, almost as efficiently as Ndi1. Our data provide novel insight into the bioenergetic function of AIF and AMID in mitochondrial respiration and redox metabolism.
Experimental Procedures
Materials-The pCRScript Cloning kit was from Stratagene (La Jolla, CA). Materials for PCR product purification, gel extraction, and plasmid preparation were obtained from Qiagen (Valencia, CA). The BCA protein assay kit and SuperSignal West Pico chemiluminescent substrate were from Pierce. The pKO3 vector was a generous gift from Dr. George M. Church (Harvard Medical School, Boston). Bovine heart SMP were prepared as described previously (12) . Antibodies against AIF and AMID were purchased from Santa Cruz Biotechnology (Dallas, TX).
Generation of Single Knock-out ⌬nuoB and ⌬ndh and Double Knock-out (DKO) E. coli Strains-The E. coli strain MC4100 (F Ϫ , araD139, ⌬(arg F-lac)U169, ptsF25, relA1, flb5301, rpsL 150. Ϫ ) was used to generate single knock-out strains devoid of either complex I (NDH-1) or NDH-2, and a DKO strain devoid of both NDH-1 and NDH-2. E. coli ⌬nuoB and ⌬ndh were constructed by replacement of the nuoB gene (in the nuo operon encoding NDH-1) or the ndh gene (encoding E. coli NDH-2) with the nuoB or ndh fragment disrupted spectinomycin gene, using a gene replacement technique with the gene replacement vector pKO3 (13) . To generate DKO strains, first, the cluster N1b knock-out (⌬N1b strain), in which all four cysteine residues ligating to cluster N1b were replaced with alanine (C36A, C47A, C50A, and C69A), was generated from the nuoG knockout strain [⌬(nuoG::Spc)] as described previously (14) using the same gene replacement technique with pKO3 (13) . This ⌬N1b strain showed no complex I activities, and no dehydrogenase subcomplex (NuoEFG subcomplex) of NDH-1 was detected in the membranes as well as in the supernatant. This ⌬N1b strain was further used to knock out the ndh gene, yielding a DKO strain. The presence of the spectinomycin cassette and its location in the genomic gene were verified by PCR and DNA sequencing.
Cloning and Site-directed Mutagenesis of Human AIF and AMID Genes-Human AIF gene (AIFM1) and AMID (AIFM2) coding sequences have been amplified by PCR from human heart cDNA libraries (BioChain Institute). Because AIF contains the mitochondrial localization signal and inner membrane sorting signal sequences (8), we obtained cDNA fragments for both full-length (613AA) and two forms, ⌬1-53AA and ⌬1-101AA (15, 16) . AIF and AMID cDNA fragments were subsequently ligated into the E. coli expression vector pET21b and pET16b, respectively. Later, to generate N-terminally tagged AIF, the AIF cDNA fragments were ligated into pET28b, and the stop codon was inserted. Site-directed mutagenesis was performed by QuikChangeII XL (Stratagene). We generated NADH-binding site mutants AIF-D444E/D444N and AMID-D285E/D285N, and AIF-⌬R201, which was the first diseasecausing mutation identified in human AIF (17) . The presence of mutations was confirmed by DNA sequencing. The oligonucleotides used for cloning and site-directed mutagenesis are listed in Table 1 .
Overexpression and Membrane Preparation-C41 (DE3)-, ⌬nuoB-, and ⌬ndh-competent cells were transformed with pET16b/Ndi1, pET16b/AMID, pET21b/AIF⌬1-53, and pET21b/ AIF⌬1-101, pET28b/AIF⌬1-53, or pET28b/AIF⌬1-101 vec-tors. Cells were then precultured at 37°C overnight in 2ϫ YT media with ampicillin (100 g/ml) for pET16b and pET21b vectors or kanamycin (30 g/ml) for pET28b vector. These cells were then transferred to Terrific Broth media also containing the same concentrations of ampicillin/kanamycin. For Ndi1 and AMID overexpression, the cells were grown at 250 rpm and 37°C to the late stationary stage (typically an OD of 6 -7), then 0.5 mM IPTG was added and cultured for an additional 2-3 h at 250 rpm and at 37°C. For AIF⌬1-53 and AIF⌬1-101 overexpression, 0.5 mM IPTG was added at an OD of 0.8, and the cells were grown for an additional 10 -15 h at 80 rpm and 30°C. The cells were harvested and suspended in 50 mM Tris-HCl (pH 8.0), 1 mM EDTA, and 1 mM phenylmethylsulfonyl fluoride (PMSF). The cells were then broken by French press at 16,000 p.s.i. Unbroken cells and inclusion bodies were removed by centrifugation at 23,400 ϫ g for 20 min, and the supernatant was centrifuged at 256,600 ϫ g for 60 min. The pellet (membrane fraction) was suspended at 30 mg/ml in 50 mM Tris-HCl (pH 8.0 at 4°C), 0.1 mM EDTA, 1 mM PMSF, and 10% glycerol. The supernatant fraction was also collected. The orientation of membrane vesicles was determined from the ratio of NADH: ferricyanide reductase assay measured in the absence and in the presence of 1% dodecyl ␤-D-maltoside. Our preparation of membrane vesicles was Ͼ95% inside out.
Growth Curves-DKO cells were transformed with pET16b/ Ndi1, pET16b/AMID, pET16b/AMID(D285N), pET21b/AIF⌬1-53, pET21b/AIF⌬1-101, pET28b/AIF⌬1-53, pET28b/AIF⌬1-53(D444N), pET28b/AIF⌬1-53(⌬R201), pET28b/AIF⌬1-101, and empty pET21b and pET28b vectors. Transformed cells were precultured overnight in 2ϫ YT media containing 100 g/ml ampicillin or 30 g/ml kanamycin (depending on the vectors) and 20 g/ml of spectinomycin. The appropriate volume of preculture to give the same amount of cells was then added to 100 ml of 50% LB media containing the same concentrations of appropriate antibiotics in a 250-ml flask. The cell growth was monitored for 72-96 h, and 0.5 mM IPTG was added at OD ϭ 0.1 to 0.5 at 600 nm. The growth of cells was monitored for 72 h.
Protein Purification-Proteins overexpressed in C41(DE3) cells were purified basically according to Ref. 18 . AMID, C-terminally tagged AIF⌬1-53, and AIF⌬1-101 were purified from the supernatant, whereas Ndi1, and N-terminally tagged AIF⌬1-53 and AIF⌬1-101 were purified from the membrane. Dodecyl ␤-D-maltoside at a final concentration of 0.3% (w/v) instead of Triton X-100 was used to extract AIF proteins from the membrane. To elute AIF and AMID proteins, 500 mM imidazole was used instead of 200 mM histidine. To avoid aggregation, 1 M NaCl was added to all buffers during the purification process for AIF proteins. The enzyme fraction was then quickly frozen in liquid nitrogen and stored at Ϫ80°C until further use.
Preparation of Liver Mitoplasts-Liver mitochondria from C57BL/6 mice were isolated in a similar manner as described previously (19, 20) . Liver mitochondria were first diluted to 20 mg/ml in 10 mM HEPES buffer (pH 7.8) containing 320 mM sucrose and 0.1 mM EDTA. The suspension was then treated with 0.1 mg of digitonin/mg of mitochondrial protein for 10 min on ice before being centrifuged at 16,000 ϫ g for 10 min. The pellet was then suspended in the same buffer.
Membrane Reconstitution-Isolated proteins Ndi1, AMID, and AIF were mixed with DKO membrane vesicles or bovine heart SMP at a 1:10 ratio (typically 1:10 mg/ml) by vortex (DKO) or sonication (SMP) for up to 5 s and then placed on ice for 5 min before use. To increase flavin incorporation, N-terminally tagged AIF proteins were incubated with 500 M FAD for 5 min prior to the mixing with membranes. Mitoplasts were reconstituted with Ndi1 and AIF proteins at a 1:5 ratio by vortex.
Proton Pumping Activity and Membrane Potential Measurements-20 l of the 1:10 mg/ml of reconstituted membranes was then added in 1 ml of 50 mM MOPS buffer (pH 7.0) con- 
Oligonucleotides used in this study
The boldface bases were altered from the genomic DNA. The italicized bases represent the introduced restriction sites. F indicates forward and R indicates reverse. Mutated nucleotides are in boldface.
Oligonucleotides
Sequences
taining 50 mM KCl, 10 mM MgCl 2 , and 0.2 M 9-amino-6chloro-2-methoxyacridine (ACMA) fluorescent dye. The reaction was initiated upon the addition of 200 M NADH, and proton pumping activities were measured at 30°C by ACMA ( ex ϭ 430 nm, em ϭ 480 nm) fluorescence quenching using Fluomax-4 spectrofluorometer (Horiba). When necessary, the channel-former gramicidin D was added as an uncoupler. The same buffer for proton pumping assay was used for membrane potential measurements, except ACMA was replaced with 2 M oxonol VI was used. The reaction was started with the addition of 200 M NADH, and the absorbance changes at 634 to 604 nm were monitored for 100 s with a diode array spectrophotometer 8452A (Hewlett Packard) as described previously (21, 22) . Other Analytical Procedures-NADH oxidase activity was spectrophotometrically measured with 5 l of reconstituted membrane at 340 nm in 10 mM potassium phosphate (pH 7.0) containing 1 mM EDTA and 100 M NADH at 30°C. For NADH-ubiquinone 1 (UQ 1 ) activity measurements, 10 mM KCN, 0.15 mM NADH, and 100 M UQ 1 were added to the assay mixture. The extinction coefficient used for activity calculations was ⑀ 340 ϭ 6.22 mM Ϫ1 cm Ϫ1 for NADH. For NADH oxidase assays for the reconstituted SMP, the reaction mixture was incubated with/without rotenone for 3 min at 30°C prior to the addition of NADH. Protein estimation was routinely done by the method of Bradford. SDS-PAGE was carried out according to Ref. 23 . Any variations from the procedures and other details are described in the figure legends.
Results

Overexpression and Purification of AIF and AMID Proteins-
We first attempted to overexpress Ndi1, AMID, AIF⌬1-53 (the mature form of AIF), and AIF⌬1-101 (the truncated cytosolic/ nuclear form of AIF) in the E. coli NDH-2 knock-out strain (⌬ndh), in which overlapping NADH oxidase activity of NDH-2 from the host E. coli cells was removed. Although we successfully obtained E. coli cells overexpressing Ndi1 and AMID, AIF proteins were not overexpressed in the ⌬ndh strain under the conditions we tried. Ndi1-or AMID-overexpressed membranes exhibited significantly higher NADH oxidase activity than the host ⌬ndh membranes by 3.9 and 3.3 times, respectively ( Fig. 1B) . In the presence of the complex I inhibitor pieri-cidin A at 5 M, the NADH oxidase activity in the ⌬ndh membranes that contain only complex I drastically decreased to 16% of the control. In contrast, the inhibitory effect of piericidin A was partial in Ndi1-or AMID-overexpressed ⌬ndh membranes, similar to the effect seen in the membranes prepared from the wild type, which contains both complex I and E. coli NDH-2. This suggests that the remaining NADH oxidase activity is coming from overexpressed Ndi1 or AMID. Because ϳ30% of NADH oxidase activity was also inhibited in the ⌬nuoB membranes, which contain only E. coli NDH-2, it is highly likely that NADH oxidase activities by Ndi1 or AMID are also partially sensitive to piericidin A, similar to E. coli NDH-2.
By using E. coli C41(DE3) cells, which are known to be very effective in expressing toxic proteins (24), we finally succeeded in overexpressing N-and C-terminally tagged AIF⌬1-53 (the mature form of AIF) and AIF⌬1-101 (the truncated cytosolic/ nuclear form of AIF) proteins as well as Ndi1 and AMID. Ndi1 and AMID were overexpressed mostly in the membrane fraction, whereas C-terminally tagged AIF proteins were mostly overexpressed in soluble fractions. N-terminally tagged AIF proteins were overexpressed in both soluble and membrane fractions. We purified AIF proteins from both fractions. As shown in Fig. 2A , C-terminally tagged AIF⌬1-53 was very susceptible to proteases even though it was purified in the presence of PMSF, EDTA, and a protease inhibitor mixture. More than half of AIF⌬1-53 was cleaved down to a similar size of AIF⌬1-101 (lane 4 in Fig. 2A ). The absorption spectra of these purified proteins showed typical features of oxidized flavoproteins, with max at 380 and 450 nm, and a shoulder at ϳ475 nm ( Fig. 2B ). According to the literature (3, 25) , if there is a tag attached to the N terminus of AIF, which is close to the FAD-binding site, AIF is overexpressed as an apoprotein. Indeed, our N-terminally tagged AIF proteins purified from soluble fractions had low FAD content. However, AIF proteins purified from membrane fractions retained a significant amount of FAD (Fig. 2B ). The FAD content in purified N-terminally tagged AIF was ϳ30% lower than that in purified C-terminally tagged AIF. The spectra of Ndi1 and AIF proteins were very similar to previously published results, although our spectra for AMID were very different. According to Ref. 26 , human AMID binds 6-hydroxy-FAD (a cofactor that accumulates only adventitiously and is in a low abundance in other flavoproteins), which has a green color with a sharp peak at 430 nm and a broad long-wavelength feature with a peak at ϳ600 nm. These spectral features were completely different from those we obtained for our purified human AMID. We tried to express AMID using different conditions, including the exact same conditions as described in the aforementioned study (26) , but we did not find any sign of 6-hydroxy-FAD features in our purified AMID.
NADH Oxidase and Proton Pumping Activities in DKO Membranes Reconstituted with AIF and AMID Proteins-First, we tried to measure NADH oxidase activities of purified Ndi1, AMID, and C-and N-terminally tagged AIF⌬1-53. All of them, including Ndi1, showed very low or almost no NADH oxidase activity ( Table 2 ). The extremely low or no NADH oxidase activity of AIF is known, which is caused by the strong binding of NADH that leads to form an air-stable charge-transfer complex (3). NADH:ferricyanide activities of AMID and C-and N-terminally tagged AIF⌬1-53 were clearly detected, but they were 8 -10 times lower than that of Ndi1. However, AMID and C-and N-terminally tagged AIF⌬1-53 showed very low NADH: ubiquinone-1 (UQ 1 , a hydrophilic quinone analog) activities, whereas Ndi1 displayed 50 -100 times higher NADH:ubiquinone-1 (UQ 1 , a hydrophilic quinone analog) activities (Table 2) . Therefore, we hypothesized that the quinone-binding sites in AMID and AIF might be different from that in Ndi1 and are not easily accessible from the hydrophilic outside. We decided to check AIF/AMID activities by reconstitution with E. coli membrane vesicles.
We reconstituted Ndi1, AMID, and AIF proteins into E. coli double knock-out (DKO) membrane vesicles and measured NADH oxidase activities (Fig. 3A ). In the DKO membrane vesicles, only a trace amount of background NADH oxidase activity was detected. After the DKO membrane vesicles were reconstituted with Ndi1 or AMID, NADH oxidase activity increased by factors of 10.24 or 8.25, respectively. N-terminally tagged AIF⌬1-53 and AIF⌬1-101 also showed significant amounts of NADH oxidase activity. In contrast, the NADHbinding site mutants AMID-D285N and AIF⌬1-53-D444N completely lost their activities, whereas the human AIF disease mutant AIF⌬1-53-⌬R201 retained 60% of the wild-type AIF⌬1-53. Unexpectedly, no measurable NADH oxidase activities were detected in the DKO membrane vesicles reconstituted with C-terminally tagged AIF proteins (AIF⌬1-53 and AIF⌬1-101).
In the aerobic E. coli respiratory chain, after UQ is reduced by complex I or NDH-2, cytochrome bo 3 directly oxidizes ubiquinol and also proton pumps. Because the DKO membranes do not contain complex I, any proton pumping activity in reconstituted DKO membranes is solely operated by cytochrome bo 3 that requires ubiquinol as a substrate. Thus, if proton pumping activities initiated by NADH are observed in the reconstituted DKO membranes, this indirectly indicates an NADH:UQ oxidoreductase activity by the reconstituted proteins. Proton translocation activity in these reconstituted membrane vesicles was measured using ACMA as a ⌬pH indicator. As shown in Fig. 3B , a proton gradient was generated by the addition of NADH in the DKO membrane vesicles reconstituted with Ndi1 or AMID (lines 2 or 5, respectively). This proton gradient was immediately dissipated by gramicidin, an uncoupler. In contrast, no proton pumping activity was detected in nonreconstituted DKO membrane vesicles (Fig. 3B , line 1), nor in those reconstituted with the AMID-D285N (line 3) or AMID-D285E (line 4) mutants, nor in the C-terminally tagged AIF⌬1-53 (line 6) and AIF⌬1-101 (line 7). Proton pumping activity was detected in the DKO membrane vesicles reconstituted with the N-terminally tagged AIF proteins (Fig.  3B, panel d) . Compared with Ndi1-or AMID-reconstituted samples, the proton pumping activity of N-terminally tagged AIF⌬1-53 was slower, reflecting its lower NADH oxidase activity. In fact, the proton pumping activity was higher in AIF⌬1-53 (line 8 in Fig. 3B, panel d) , AIF⌬1-101 (line 9), AIF⌬1-53-⌬R201 (line 10), and AIF⌬1-53-D444N (line 11), in that order, and their proton pumping activity levels were consistent with their NADH oxidase activity levels. These results strongly suggest that similar to Ndi1, AMID and N-terminally tagged AIF proteins oxidize NADH and reduce ubiquinone in the DKO membranes, providing ubiquinol for the major terminal oxidase cytochrome bo 3 , which pumps protons. In other words, AMID and N-terminally tagged AIF proteins are capable of associating with the membrane and are integrated with the host respiratory chain. It is highly likely that AMID and N-terminally tagged AIF can function as respiratory NADH: UQ oxidoreductases.
HQNO Inhibits NADH:UQ 1 Activity of AMID and N-terminally Tagged AIF⌬1-53-If AMID and N-terminally tagged AIF are NADH:UQ oxidoreductases, their physiological electron acceptors should be UQ (UQ 10 for mammalian cells and UQ 8 for E. coli cells). Therefore, we decided to investigate the inhibitory effect of 2-n-heptyl-4-hydroxyquinoline-N-oxide (HQNO), a well known quinone-binding inhibitor. UQ 10 and UQ 8 are extremely hydrophobic and cannot be used in aqueous assay reaction mixtures. We used UQ 1, a hydrophilic UQ substrate, and measured NADH:UQ 1 activities in the reconstituted DKO membranes.
NADH-UQ 1 activities by Ndi1, AMID, and N-terminally tagged AIF reconstituted in DKO membrane vesicles were 23.4, 7.52, and 6.77 mol/min/mg, respectively. In each case, the activity was strongly inhibited by HQNO at submicromolar lev- , lane 3; 15 g, lane 4) , and N-terminally tagged AIF ⌬1-101 and ⌬1-53 (10 g, lane 5; 10 g, lane 6) were loaded onto a 10% Laemmli SDS-polyacrylamide gel. B, UV-visible absorption spectra of purified Ndi1, AMID, C-terminally tagged AIF⌬1-53 and AIF⌬1-101, and N-terminally tagged AIF⌬1-53 and AIF⌬1-101. The UV-visible spectra were taken in 50 mM Tris-HCl (pH 8.0) containing 10% glycerol and 200 M EDTA. All the data were shown normalized at 1 mg/ml (black, Ndi1; red, AMID; thick blue, C-terminally tagged AIF⌬1-53; thin blue, C-terminally tagged AIF⌬1-101; broken blue, N-terminally tagged AIF⌬1-53; dotted blue, N-terminally tagged AIF⌬1-101). els (Fig. 4) . The concentrations of half-maximal inhibition (IC 50 ) were 1.34, 1.04, and 0.75 M for Ndi1, AMID, and N-terminally tagged AIF, respectively. These values are comparable with the reported values for NDH-2 enzymes and other quinone oxidoreductases (27) (28) (29) (30) . These data strongly suggest that UQ is the physiological electron acceptor for AIF and AMID, as it is for Ndi1.
Deamino-NADH (dNADH) Does Not Serve as an Efficient Substrate for AMID or N-terminally Tagged AIF⌬1-53-The NADH analog dNADH has been used to discriminate complex I activity from NDH-2 in E. coli membranes (31), and NDH-2 has been believed to react exclusively with NADH. We measured proton pumping activity in DKO membranes reconstituted with Ndi1, AMID, or N-terminally tagged AIF. It is known that Ndi1 is highly specific for the electron donor NADH and that dNADH and NADPH yield more than 100-fold lower rates in terms of NADH:UQ 2 redox activity (32) . Interestingly, however, the difference between NADH-and dNADH-linked proton pumping activities in DKO membrane reconstituted with Ndi1 was not very large (Fig. 5A) . The dNADH-linked initial pumping rate was 38.5% of the control (NADH-linked initial rate). This could be due to the possibility that Ndi1-linked proton pumping activity with NADH was lim-ited by the turnover rate of cytochrome bo 3 in DKO membranes. In contrast, no NADPH-linked pumping activity was observed in the Ndi1-reconstituted DKO membranes. Compared with Ndi1, the dNADH-linked initial pumping rates in DKO membranes reconstituted with AMID or N-terminally tagged AIF⌬1-53 were much less: 4.3 and 0% of the control, respectively (Fig. 5, B and C) . Our data suggest that dNADH is a poor substrate for both AMID and N-terminally tagged AIF. 
Expression of AMID or N-terminally Tagged AIF Enhances the Growth of DKO Cells-
To further support the idea that AMID and/or AIF proteins have respiratory NADH:UQ oxidoreductase activity in vivo, we compared the growth curves of E. coli DKO cells transformed with pET16b/Ndi1, pET16b/ AMID, pET16b/AMID-D285N, pET21b/AIF⌬1-53, pET28b/ AIF⌬1-53, pET28b/AIF⌬1-53-D444N, pET28b/AIF⌬1-53-⌬R201, pET28b/AIF⌬1-101, and corresponding empty vectors. After the addition of IPTG, the cells overexpressing AMID (red in Fig. 6A ), N-terminally tagged AIF⌬1-53 (red in Fig. 6 , B-D), or Ndi1 (blue in Fig. 6, A, B, and D) grew faster than the control cells carrying an empty vector (broken line in Fig. 6 , A-D). However, neither overexpression of NADH-binding deficient mutants, AMID-D258N (green in Fig. 6A ) and AIF-D444N (green in Fig. 6C ), nor that of C-terminally tagged AIF (green in Fig. 6B ) had this growth-enhancing effect. N-terminally tagged AIF⌬1-101 (red open circles in Fig. 6D ) and the human AIF disease mutant AIF⌬1-53-⌬R201 (green open circles in Fig. 6C ) showed intermediate growth-enhancing effect. These results are all consistent with NADH oxidase and proton pumping activities of their corresponding reconstituted purified proteins (Fig. 3) . It is especially important to state that the growth-enhancing effect of AIF is the same level as that of Ndi1 or AMID. In addition, the absence of a growth-enhancing effect with C-terminally tagged AIF supports our hypothesis that the C-terminal region of AIF is important for membrane association. Thus, it is highly likely that N-terminally tagged AIF and AMID are respiratory NADH:UQ oxidoreductases similar to Ndi1.
AMID and N-terminally Tagged AIF Enzyme Can be Integrated into the Respiratory Chain of Bovine Heart SMP-To gain insight into the physiological role of AIF/AMID protein in the mitochondrial respiratory chain, we performed a series of reconstitution experiments using bovine heart SMP. To see their enzyme activities, we mixed Ndi1, AIF, and AMID proteins with bovine heart SMP at a 1:10 ratio, which is beyond the physiological stoichiometry. The SMP preparation we used for these experiments had an NADH oxidase activity of 2.78 mol/ min/mg. As shown in Table 3 , when Ndi1, AMID, and N-terminally tagged AIF were incorporated into the SMP, the reconstituted SMP exhibited basically similar levels of NADH oxidase activities. However, in the presence of 0.1 M rotenone, the NADH oxidase activity in nonreconstituted, intact SMP was completely inhibited, whereas significant NADH oxidase activity remained in SMP reconstituted with Ndi1-, AMID-, and N-terminally tagged AIF. These activities were completely inhibited by KCN (a complex IV inhibitor) and antimycin A (a complex III inhibitor). These results suggest that NADH oxidase activity of Ndi1, AMID, and N-terminally tagged AIF are resistant to 0.1 M rotenone and that these activities are linked to the downstream of the mitochondrial respiratory chain in SMP.
To ascertain this point, we also measured the proton pumping activity in these reconstituted SMP. Similarly, reconstitution of these proteins did not increase the total proton pumping activities (red lines in Fig. 7A, panels a-c) , but it reduced the rotenone sensitivity of SMP. In the presence of 0.1 M rotenone, no proton pumping activity was observed in SMP-only samples (thin black lines in Fig. 7A, panels a-c) , whereas proton pumping activity largely remained in the SMP reconstituted with Ndi1, AMID, or N-terminally tagged AIF (red thick lines in Fig. 7A, panels a-c, respectively) . In addition, no difference in the level of the remaining proton pumping activity was observed between Ndi1-, AMID-, and N-terminally tagged AIF-reconstituted SMP, in contrast with the proton pumping data with reconstituted DKO membranes (Fig. 3B ). This could be due to the stronger association of N-terminally tagged AIF with SMP than that with E. coli DKO membrane vesicles. However, a higher 0.5 M of rotenone drastically decreased the proton pumping activities in the SMP reconstituted with AMID or N-terminally tagged AIF, whereas the proton pumping activity remained at the same level in the SMP reconstituted with Ndi1 (red thin lines in Fig. 7A, panels a-c) .
We also monitored membrane potentials (⌬⌿) of those reconstituted SMP by following the absorbance change of oxonol VI (22, 33) . As shown in Fig. 7B , the addition of NADH to the nonreconstituted SMP increased the absorbance, indicating the inside positive ⌬⌿ formation (blue dotted lines). As expected, preincubation of the SMP with 0.1 M rotenone resulted in a complete loss of the ⌬⌿ formation (red dotted line, Fig. 7B, panel a) . However, a significant ⌬⌿ was still generated in the SMP reconstituted with Ndi1, AMID, and N-terminally tagged AIF after preincubation with 0.1 M rotenone (red dotted line, Fig. 7B, panels b and c) . These results are consistent with the proton pumping activity data (Fig. 7A, panels a-c, red  thick lines) . These data strongly suggest that AMID and N-terminally tagged AIF could function as NADH:UQ oxidoreductases in the host respiratory chain, when complex I is inhibited by rotenone, and their activity levels are comparable with those of Ndi1.
N-terminally Tagged AIF Can Be Associated with Mitoplasts and Integrated into the Respiratory Chain of Liver Mitochondria-Reconstitution experiments with inside-out SMP
do not mimic the physiological location of AIF in mammalian cells, as it is believed that AIF is loosely attached to the cytosolic side of the mitochondrial inner membranes. So, we prepared mitoplasts from mouse liver tissue, which are more likely to provide physiological membrane association of AIF. We measured the NADH:O 2 activity of AIF reconstituted with this mitoplast, and we studied its rotenone sensitivity. As expected, there was no basal NADH:O 2 activity due to complex I in the mitoplast (Fig. 8) . The activity was detected only after the mitoplasts were reconstituted with AIF. Interestingly, compared with the data with SMP, much higher NADH:O 2 activity was observed in AIF-reconstituted mitoplasts. This activity was sensitive to rotenone as seen in the AIF-reconstituted SMP, and it was completely inhibited by KCN, an inhibitor of cytochrome c oxidase (Fig. 8) . These data directly support the notion that AIF can function as a respiratory NADH:ubiquinone oxidoreductase (NDH-2). AMID and N-terminally Tagged AIF Activities Are Inhibited at Submicromolar Rotenone Concentrations-Because we noticed that AMID-and AIF-associated proton pumping activities in SMP and the mitoplasts were sensitive to higher concentrations of rotenone, we investigated rotenone's effects on AMID-or AIF-associated NADH oxidase and proton pumping activities using DKO membranes. As expected, Ndi1-associated NADH oxidase and proton pumping activity levels were not affected by rotenone at 0.1 and 0.5 M (Fig. 9, A, panel a, and  B, panel a) . In contrast, AMID-and AIF-associated NADH oxidase activities drastically decreased to 61.5 and 37.7% for AMID and to 65.8 and 39.5% for AIF at 0.1 and 0.5 M rotenone, respectively (Fig. 9A, panels b and c) . This decreased NADH oxidase activity in AMID and AIF-reconstituted DKO membranes was parallel with the decreased proton pumping activity (Fig. 9B, panels b and c) . Their rotenone sensitivity was more enhanced in DKO membranes than that in SMP, where 0.1 M rotenone did not significantly inhibit AMID and AIF activities. These results strongly suggest that AMID and AIF are rotenone-sensitive, although NDH-2 enzymes, including Ndi1 and E. coli NDH-2, are generally considered to be rotenone-resistant (11) .
Discussion
Various studies on in vivo phenotypes associated with AIF deficiency have revealed the importance of AIF in the maintenance of mitochondrial energy metabolism (25, 34) . This bioenergetic role of AIF is also conserved in lower organisms. AIFdeficient yeast failed to grow on nonfermentable carbon sources, such as galactose and lactate (35) . AIF deficiency also led to growth arrest in fruit flies, which experienced defective complex I function and reduced ATP levels (36) . The slower growth rate was reported for AIF knockdown in Caenorhabditis elegans (37) . The first case of disease-causing mutations in human AIF (Arg-201 deletion in the AIFM1 gene) was identified (17) . Again, multiple respiratory chain-defective activities were observed in infant monozygotic twin patients with a mitochondrial early onset encephalomyopathy (17) . Despite the many experiments that have been conducted to investigate whether AIF is required for optimal biogenesis/assembly of multiprotein respiratory chain complexes, there has been no indication of a physical interaction of AIF with specific subunits from respiratory chain complexes (8, 34, 38) . It has been shown that AIF contains a FAD, but, over a decade later, many mysteries still surround bioenergetics roles of AIF, including the identity of the physiological electron acceptor of AIF. Therefore, our study demonstrating that "AIF is an NDH-2 enzyme" is highly significant. This means that the physiological electron acceptor for AIF is ubiquinone. If AIF could function like an external NDH-2 (which is attached to inner mitochondrial membrane facing the intermembrane space), we can expect that AIF might work as an antioxidant enzyme and contribute to decreasing the rate of ROS production by oxidizing excessive cytosolic NADH, otherwise higher NADH levels disturb the cellular redox balance, leading to cytosolic ROS production. In fact, the antioxidant roles for external NDH-2 enzymes have been experimentally proven previously (39, 40) . In addition, there is a report demonstrating with AIF-silenced cell experiments that the loss of AIF leads to an increase in ROS production and impairment of complex I respiration, which were restored by adding antioxidants (41) . This supports the idea that free radicals play an important role in the observed respiration defect. Therefore, it is highly likely that AIF deficiency causes complex I defects through increased ROS production. In that respect, our finding that AIF is an NDH-2 and can be integrated into the mitochondrial respiratory chain provides a significant step toward understanding the mechanisms linking AIF deficiency with ROS production and complex I defects.
Although the mechanism of how AIF deficiency increases ROS production remains unknown, one possible explanation is that AIF perhaps helps maintain the cytosolic NAD ϩ /NADH ratio by its NADH:UQ oxidoreductase activity. This function can also be reinforced by the redox potential of AIF. The reported midpoint redox potential of FAD/FADH 2 in AIF⌬1-120 is Ϫ308 mV at pH 7.5 obtained by spectral titration with dithionite (2). This value is within the range of efficient oxidation of NADH, Ϫ320 mV, which is slightly higher compared with the midpoint redox potential of FMN/FMNH 2 (Ϫ376 mV) in complex I by monitoring flavosemiquinone radicals with EPR (42) .
If AIF is catalytically active in mitochondria, why has its activity thus far gone undetected? According to previous literature, AIF is ubiquitously expressed, but a relatively small amount is expressed in mitochondria as compared with complex I. Because complex I and AIF catalyze the same reaction, it is necessary to use a specific inhibitor for complex I to distinguish between their activities. However, rotenone, a commonly used complex I inhibitor, was found to inhibit AIF. Based on our study, 0.1 M or slightly smaller concentrations of rotenone is enough to completely inhibit complex I, providing a possibility to measure AIF activity. In most experiments, NADH oxidase activities were measured in the presence of 1-10 M rotenone, so there was no possibility to detect AIF activity even if it did exist. It was also reported, however, that low level expression of internal alternative NADH dehydrogenase, even when the activity was below the detection limit, is still sufficient to rescue complex I deficiency in Yarrowia lipolytica (43) . Therefore, even though no NADH oxidase activity of AIF was observed after complex I was inhibited, it is still possible that NADHdependent oxidoreductase activity of AIF is physiologically relevant.
One of our unexpected results was that C-terminally tagged AIF was expressed only in soluble fractions and did not show any NADH oxidase activity after being reconstituted into DKO membranes (Fig. 3A) nor any growth-enhancing effect (Fig.  6B) , which is in striking contrast to N-terminally tagged AIF. These results prompted us to consider the possibility that the C-terminal polyhistidine tag might inhibit AIF association to the membrane. To explore this idea, we compared the x-ray crystal structures of mouse AIF (44) with that of Ndi1 from S. cerevisiae (45, 46) and NDH-2 from Caldalkalibacillus thermarum (47) . In both the Ndi1 and NDH-2 enzymes, the C-terminal regions are essential for membrane anchoring. We found a short ␣-helix segment in the C-terminal region of AIF, which could be involved in membrane association, although the length of the ␣-helix is much shorter in AIF than in Ndh and Ndi1. The previous report by Otera et al. (16) has suggested that the mature AIF is anchored to the mitochondrial inner membrane with the N terminus facing the intermembrane space through the N-terminal region at a cluster of hydrophobic residues 66 -84. However, based on this study, it seems that the C-terminal amphipathic helix region is required for AIF's membrane association to establish its NADH:UQ oxidoreductase activity in vivo (Fig. 6D ). We also found that the truncated cytosolic AIF⌬1-101 form is still capable of being associated with membranes and showed its redox activities (Fig. 3) . Our results do not completely exclude the possibility that AIF could also be associated with the membrane through the N-terminal putative transmembrane region. Further experiments will be needed to clarify how AIF is associated with the mitochondrial inner membrane.
Our result that AIF and AMID were sensitive to rotenone (shown in Figs. 7A, 8, and 9 ) was totally unexpected. Although AMID also seems to have some sensitivity toward the other common complex I inhibitor piericidin A (Fig. 1B) , this feature can easily be expected. Piericidin A is regarded as a quinone analog, and in fact, a higher concentration of piericidin A (5 M) partially inhibited E. coli NDH-2 and seemingly Ndi1 as well (Fig. 1B) . However, the rotenone sensitivity of AIF and AMID seems to be a very unusual feature for NDH-2, as Ndi1 and E. coli NDH-2 are completely rotenone-insensitive. We found that rotenone inhibits the NADH oxidase activities of AIF or AMID with half-maximal inhibitory concentrations (IC 50 ) of ϳ0.15 M, which is still much higher than the IC 50 ϭ 17.3 nM reported for mammalian complex I (48) . It has been reported that rotenone also depolymerizes cellular microtubules and inhibits the binding of colchicine to tubulin (49) . The rotenone inhibitory effect against AIF and AMID might be due to the difference between AIF/AMID and other NDH-2 enzymes' respective quinone-binding sites, possibly caused by their conformational states and unique membrane association fashions. Further study will be needed to clarify the inhibitory mechanism of rotenone in AIF and AMID.
Our other unexpected result was that in contrast to the previous report by Marshall et al. (26) , our purified AMID contained FAD and not 6-hydroxy-FAD. Although we tried several different expression conditions and used the same host strain as described previously (26), our purified AMID contained only FAD. This difference could be caused by a difference in the N-terminal His tag sequence (MHHHHHHSSGLVPRGSH versus MGHHHHHHHHHHSSGHIEGRH), which might affect the microenvironment of the FAD-binding site. Considering the fact that these authors observed a partial conversion from FAD to 6-hydroxy-FAD following reduction by NADPH in FAD-reconstituted AMID and the other published fact that 6-hydroxy-FAD was found in a minor inactive form of D-aspartate oxidase (50) and electron transferring flavoprotein purified from beef liver (51), it can be speculated that 6-hydroxy-FAD results from oxidative modification of FAD under certain conditions after its incorporation.
Our data clearly showed that AMID could function as an NDH-2. However, compared with AIF, there is almost no evidence that AMID is expressed in mitochondria and is physiologically active, as AMID lacks a mitochondrial localization sequence. The role of AMID in apoptosis is also unclear. By in silico methods and image analysis, the localization of AMID was predicted to be cytoplasmic, most probably incorporated into the cytoplasmic side of the cellular membranes (52, 53) . It was also suggested that AMID in human leukemia Jurkat T-cells after apoptosis induction is associated with the plasma membrane by immunohistochemical study (54) . It will be interesting to determine whether AMID is associated with the mitochondrial inner membrane facing the matrix side under normal conditions.
Interestingly, Ndi1 and AIF seem to share a similar story, despite their different orientations as follows: Ndi1 faces the matrix, and AIF faces the intermembrane space. It was reported that overexpression of Ndi1 induces a caspase-independent apoptosis-like cell death in yeast when it is cultured in glucose-rich media (55) . Similar to AIF, its pro-apoptotic property is separable from its NADH:UQ oxidoreductase activity. Under normal physiological conditions, Ndi1 and probably AIF assimilate electrons into the electron transport chain, whereas upon apoptotic signaling, AIF and probably Ndi1 are transformed into apoptotic proteins.
In summary, for the first time, we successfully showed the following: 1) AIF and AMID can catalyze NADH:UQ oxidoreductase reactions, and UQ is the physiological electron acceptor for AIF and AMID. 2) AIF and AMID are both capable of being integrated as a member of the host respiratory chain when they are associated with membrane vesicles. 3) AIF and AMID are highly likely associated with membranes via their C-terminal regions. 4) AIF and AMID activities are HQNOsensitive, a common quinone-binding inhibitor. 5) dNADH is not an efficient substrate for AIF and AMID. All of these results support that AIF and AMID are alternative NADH dehydrogenases (NDH-2). It was remarkable that both AIF and AMID can easily be associated with the matrix side of the inner membrane of SMP and show NADH:UQ activities, even though AIF is thought be localized in the intermembrane space. Although further experiments will be necessary to clarify the physiological role of AIF in the mitochondria, this study will help clarify the relationship between complex I and AIF in the mitochondria, and it could explain the "enigma" related to the bioenergetic function of AIF, including why AIF deficiency results in complex I defects. 
